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1 Introduction

1.1

Organic Acids as Carbon Sources in Marine Systems
Numerous studies have shown that the low-molecular-weight (LMW) fraction

(<1 kDa) of marine dissolved organic matter (DOM) is the most abundant.1,2 The LMW
fraction has been found to comprise 70–80% of total DOM in open ocean water, and as
much as 70% in near-coastal marine environments. While the amount of carbon is small
compared to the amount of marine dissolved inorganic carbon (38,000 Pg), the carbon in
DOM (685 Pg) is approximately equal in size to the atmospheric carbon reservoir, and is
the second largest–and least understood–marine carbon pool.3
Within the pool of LMW compounds in DOM, organic acids, such as formate,
acetate, pyruvate, and glycolate are ubiquitous in marine environments.4,5 Sources for
LMW organic acids to marine and coastal environments include: living and decomposing
biological cells,5,6 photochemical degradation of organic material,7 river water,
atmospheric

deposition,8-10

and

chemoautotrophic

formation

of

OM

through

acetogenesis at redox interfaces in the sediment11 and the water column12.

1.2

Concentration Ranges and Turn-over Determination of LMW Organic Acids
in Marine Systems
In some marine environments, the relatively high concentrations of LMW organic

acids coupled with high biological lability make LMW organic acids the dominant carbon
source for heterotrophic organisms.6,12 Organic acids have been shown to have
concentrations ranging from 100s of nM to µM in sediments and water overlying
sediments,4-6 concentrations ranging from ~85–600 nM in oxic water columns,6 and
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100 nM to µM caused by acetogenesis at anoxic interfaces in water columns.12 In anoxic
sediments, the high LMW organic acid concentrations are mainly caused by degradation
of OM through anaerobic fermentation, forming acetate. Organic acids are highly
biologically labile and are rapidly assimilated into bacterial cells and have been shown to
be significant carbon sources in some marine systems.6,13
The concentration and turn-over determinations carried out to date have been
mostly on anoxic environments or oxic/anoxic interfaces, where high LMW organic acid
concentrations can be expected, and indeed have been found. However, the importance
of LMW organic acids as carbon sources in the marine environment in general is
unknown and this compound group is likely to be much more important in the marine
carbon cycle than we presently realize.
The main part of oceanic carbon cycling takes place in the oxic water column. Due
to the large number of processes that produce LMW organic acids (see section 1.1) it is
likely that LMW organic acids are important carbon sources in large parts of the water
column. For example, Wright and Hobbie showed that acetate has uptake rates similar
to those of glucose in the water column.13 However, to date, we have not been able to
determine the role of LMW organic acids in carbon cycling in most of the water column.
This is due to the fact that we cannot detect LMW organic acids at biologically relevant
low concentrations – existing methods for concentration determinations of LMW organic
acids have detection limits on the order of 100 nM. For comparison, most compounds
that have been shown to be important as heterotrophic carbon sources are found at
concentrations much lower than 100 nM. Examples are dissolved free amino acids and
glucose, which have typical concentration ranges on the order of 10–40 nM.14,15 Hence,
it is crucial to be able to determine the low concentrations of LMW organic acids in the
water column for our understanding of the marine carbon cycle.
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1.3

Obstacles to Determining Concentration of LMW Organic Acids in Sea Water
As discussed in the previous section, the low concentrations of LMW organic acids

in many marine environments are a prime limiting factor in quantifying and characterizing
these compounds. Compounding this problem of low amounts is the comparatively high
concentrations of inorganic salts also present in the marine systems. Extraction from the
saline medium would present itself as a good solution to this issue, however, the high
water solubility of LMW organic acids prevents a facile separation without prior changes
to the acid’s functionality. Also compounding the issue of low concentrations is the
absence of a significant chromophore as organic acids typically have only low
absorbance in the UV wavelengths (200–400 nm) and emission in the UV-vis
wavelengths (350–500 nm).16

1.4

Existing Methods
The most sensitive methods for the determination of LMW organic acids in

seawater were those reported by Yang et al.5 and Albert and Martens4. Yang et al.
reported nM level detection limits for a method that quantifies organic acids using GC
separation with FID detection after an innovative pre-concentration step. However, the
method had some drawbacks: a pre-concentration step is necessary, relatively large
volumes are needed. The method’s low detection limit was the result of a 1000-fold preconcentration step, where the LMW organic acids are diffused in protonated form across
an organic membrane. This step necessitated minimum volumes on the order of 50–100
mL, making the method difficult to use for pore water samples that are typically obtained
in less than 1 mL quantity. In addition, the pre-concentration step increased the amount
of time necessary to process one sample. Further, Yang et al. reported contamination
problems for acetate originating in the membrane used for concentration. In addition,
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they reported no concentration results for formate, presumably a result of contamination
problems as well. Studies that have used this method have decreased the blank
somewhat (and thereby decreased the detection limit) by using double-distilled mQ
water for the blank.6,12 However, the reported detection limits for acetate are still on the
order 60–150 nM in seawater and ~2 µM in pore water.6
The method developed by Albert and Martens quantifies organic acids using HPLC
with absorbance detection after derivatization of the organic acids with the chromophore
2-nitrophenyl hydrazine (NPH, Scheme 1). This method required smaller sample
volumes than the method developed by Yang et al. and there was no pre-concentration
steps required prior to the HPLC analysis. However, this method had detection limits in
the range several 100 to 1000 nM, which is much higher than required to make it a
meaningful method to analyze marine LMW acid concentrations. This is also a much
higher detection limit than concentrations of other important heterotrophic carbon
sources (~50—200 nM for dissolved free amino acid in a shallow, coastal habitat14 and
2—15 nM for glucose in surface sea water15). These high detection limits were mainly
due to contamination problems. Albert and Martens reported contamination problems for
acetate and formate, and to a minor degree, lactate. The authors identified the
chromophore NPH and pyridine (used to buffer pH during the derivatization) as two
major sources for the contaminants, thus highlighting the need for the use of high purity
chemicals, and minimization of the number and quantities of reagents needed for
derivatization.

Scheme 1. Derivatization of organic acids with NPH using EDC, in seawater.
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Another issue affecting the sensitivity of the procedure used by Albert and Martens
resulted from the basic solution needed for the derivatization. The basicity was purported
to cause precipitation of calcium and magnesium hydroxides in the seawater during
derivatization. Albert and Martens showed that this caused absorption losses of the
underivatized LMW acids.4
In addition to the problems with contamination reported within the above studies,
the ubiquitous nature of acetate and formate in the atmosphere suggests that the
sensitivities of the listed experiments could be further increased by limiting exposure to
air.

1.5

Desirable Characteristics of a LMW Acid Tagging Method

Based on the contamination issues mentioned above and the expected marine
concentrations, and in order to facilitate application in the field, it follows that the
optimum LMW organic acid concentration determining method would possess the
following characteristics:
• Low detection limits achieved through the combination of a low blank and sensitive
detection (detection limits in the low nM range)
• Quantifiable over a wide range (nM to mM)
• Suitable for the detection of a large number of carboxyl acids/carboxylates,
including formate and acetate
• Derivatization carried out under neutral or acidic conditions
• Utilizes derivatization chemicals with low or no formate/acetate levels

5

• Minimal required sample volumes (mL range or below)
• Minimized sample preparation and handling steps, avoiding steps that require
filtrations, evaporations, or membrane-based concentration steps
• Minimal reaction times and temperatures
• Minimized required reagent and (green) solvent volumes

1.6

Coumarins as Fluorescent Tags
In order to increase the detectability of the organic acids, a fluorophore may be

covalently attached. Parent coumarin 2 presents an attractive fluorophore for the
purposes of this study due to its excitation/emission wavelengths from 360 to 550 nm
with extinction coefficients >18,000 cm–1M–1, combined with high fluorescence quantum
yields (frequently above 30%) in aqueous or organic solvents.17 This fluorescence range
is within the excitation/emission range of the common HPLC fluorescence detectors. The
high brightness (extinction coefficient × emission yield) of coumarins allows for a low
detection limit. Further, coumarins are oxygen-rich compounds that are often (partially)
water-soluble, yet cell membrane permeable.18 This is a good indicator that the
coumarin-tagged acids can be used as reagents in aqueous systems, yet extracted into
organic solvents or bound to columns with high efficiency.

Figure 1. Coumarin numbering system and coumarin derivative.
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The

particular

flourophore

chosen

for

this

study,

4-aminomethyl-6,7-

dimethoxycoumarin derivative 3, is well-suited as a tag for the small organic acids
because of a number of chemical and physical factors. It possesses potential to be
modified with respect to its lipo/hydrophilicity. The methoxy groups can be hydrolyzed
(BBr3) and replaced with more hydrophobic groups (such as longer ethers) or more
hydrophilic groups (such as short polyethylene glycol ethers (PEGs) using standard
protocols. The fine-tuning of the hydrophilicity of the coumarin derivative is important to
maximize the water-solubility of the underivatized species, while maximizing the
analytically advantageous properties of the derivatized species (i.e. adsorption during an
extraction/concentration phase). Derivative 3 also has the possibility of forming amides
with acids (refer to below). This amide bond formation leads to another benefit of using
3: the aminomethyl coumarin is much less fluorescent than the amide, thus minimizing
background fluorescence (more details provided below).

1.7

Coupling via Amide Bond Formation
A common method of carboxylic acid derivatization is amide formation. Carboxylic

acid amides are one of the most prevalent and important functional groups in nature as
amide moieties link the amino acids in proteins (the peptide bond). They also appear in
~25 % of all known drugs.19 Amides are formally derived from the dehydrating coupling
of a carboxylic ester and a secondary or primary amine (Scheme 2). In fact, the vast
majority of chemical approaches to amide bond formation uses this coupling, also
referred to as the native chemical ligation methods.19,20

Scheme 2. Amide coupling.
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Notwithstanding how common the amide linkage is, and the high degree of
refinement of the synthetic methodologies toward its formation that have emerged, its
formation remains non-trivial and still constitutes an active field of research.20 This is
because the formation of an amide bond from an acid and an amine is
thermodynamically unfavorable (∆H ~4–8.5 kcal/mol).17,21 Hence, ‘activated’ carboxylic
ester derivatives, such as carboxylic acid chlorides or anhydrides, are reacted with an
amine and the released hydrochloric or carboxylic acid is scavenged by a base,
providing the thermodynamic driving force for the reaction. Alternatively, acids and
amines are reacted in the presence of dehydrating (coupling) reagents (for more details,
see below). A second major problem in amide formations is that many of the reactions
are slow, posing a formidable problem under high dilution conditions. This has prompted
a search for effective coupling reagent/catalyst pairs.19,20
The slow reaction rate can be mitigated to some degree by using superstoichiometric quantities of coupling reagent or by using super-stoichiometric amounts of
amine and the coupling reagent. However, the coupling reagents are generally not all
chemo-selective. Thus, their high concentration also speeds up side reactions such as
ester or thioester formations.
Concerning amide formation with the fluorophore used in this study (aminomethyl
coumarin 3), one property in particular (and of 4-aminomethyl coumarins, in general) that
makes it suitable as a tag for carbon acids is that they are only weakly fluorescing due to
a photo-electron transfer (PET) quenching process by the electron lone pair on the
amine nitrogen.22 Conversion of the amine to an amide lowers the energy level of this
lone pair to a level that makes it unavailable for a PET quenching process (Scheme 3,
Figure 2). Thus, the native strong fluorescence of coumarins is restored. The Brückner
group, and others, have utilized the amine-substitution dependency of the coumarin
fluorescence yield for the construction of chemosensors for zinc(II)23-26 and iron(III)27.
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The switch-on behavior of the aminomethylcoumarins upon acylation decreases the
background fluorescence and thus increases the sensitivity for acid detection.

Scheme 3. PET quenching and amide formation.

Figure 2. Molecular orbital energy diagrams showing relative energetic dispositions
of frontier orbitals of the excited coumarin and the receptor in (a) substituted with an
amine and subject to a PET quenching, and (b) with an amide, not capable of PET
quenching.
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2 Established Methods of Amide Synthesis

2.1

General Considerations Concerning Derivatization Methods
The problem of tagging the small organic acid analytes with a fluorescent group

reduces to the efficient formation of an amide bond between the fluorescent tag in dilute
aqueous solution. Among the estimated 200+ amide-bond-formation strategies, the
coupling strategies detailed below appear, for the reasons listed with the description of
the methods, to be the most promising.19,28
In general, in order to accomplish this amide coupling, the organic acid analytes
(depending on the pH of the solution required, in their acid or anion form) are reacted
either in a one- or two-step, one-pot reaction with the coumarin amine in the presence of
a coupling reagent, whereby the coupling reagent may activate the acid or the amine. In
the latter case, the activated derivatives may be pre-formed, enormously simplifying the
reaction kinetics and potentially accelerating the rate of the coupling by a large factor.
While the vast majority of amide couplings traditionally use non-aqueous
conditions because of the solubility properties of protected aminoacids, the most
common substrates for amide formations, we aim at the coupling in aqueous solution
under neutral or mildly acidic conditions. While some methods were foreseeably not
suitable for aqueous solutions (and, hence, were not selected), there is little or no data
provided in the original literature that may allow a projection of the applicability of some
literature methods in (purely) aqueous solutions or in aqueous saline solutions. On the
other hand, water has been shown to greatly accelerate many reactions traditionally
performed in non-aqueous solutions (or even in anhydrous conditions) though the exact
reasons for this are debated.29-31

10

Methods that require basification were not used since increasing the pH level of
the marine samples causes precipitation of metal hydroxides. The hydroxide
precipitation has been shown to reduce the formate/acetate concentrations as these
anions get incorporated into, or adhere to, the precipitates.4

2.2

Dialkyldiimide-Promoted Amide Formation
Among the oldest, most successful and versatile two-step, one-pot amide coupling

reagents are the dialkyldiimides, the method of choice by Albert and Martens.4,32 The
archetype of this class is dicyclohexyl carbodiimide (DCC). The reaction mechanism of
the carbodiimide-mediated couplings is shown in Scheme 4.19 After initial nucleophilic
attack by the carboxylate anion onto the central carbon of the carbodiimide, intermediate
5 is formed, which may undergo any of three potential routes toward a final product. If it
does not undergo an undesirable rearrangement, forming 6, then a nucleophilic attack
by either the amine or another organic acid will result in amide 7, with the driving force
for the reaction being the formation of urea byproduct 8. The advantage of this method is
the

commercial

availability

of

the

water-soluble

1-ethyl-3-(3’-dimethylamino)-

carbodiimide·HCl salt (EDC). Further, the water-solubility of its urea by-product is
advantageous.
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Scheme 4. Dialkyldiimide amide coupling mechanism.

Numerous catalysts have been described that accelerate the second step of the
carbodiimide coupling and decrease the undesired rearrangement reaction, among them
hydroxybenzotriazole (HOBt). HOBt succeeds in minimizing undesired N-acylurea 6
through a nucelophilic attack on O-acylisourea 5 that proceeds quicker than the acyl
transfer (Scheme 5) Literature data also suggest that hydroxy-7-azabenzotriazole
(HOAt; some water solubility) is in certain cases more efficient than HOBt.33
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Scheme 5. Dialkyldiimide coupling catalysts.

2.3

Isoxazolium-mediated Amide Formations
The isoxazolium NEPIS (also called Woodward’s reagent K) was developed in the

60’s to couple N-protected amino acids.34 Its water-solubility was cited as one of its
major disadvantages.19 This, however, may be a great advantage for our purposes as
this may allow the use of a fair excess of this commercially available (Aldrich) coupling
reagent to speed up the coupling under the LMW organic acid high dilution conditions,
though without extracting the coupling reagent or its byproduct into the organic phase (or
binding it onto a lipophilic column (Scheme 6)).

Scheme 6. NEPIS amide coupling.
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2.4

Carbamoylimidazolium-based Strategies
Carbonyldi(3-methylimidazolium) 9 (CBMIT) is a useful coupling reagent that

allows a one-step amide formation (Scheme 7).19,35,36 The advantage of this method is
the water-solubility of the imidazolium reagent, the relative fast reported rates of the
coupling, the absence of a co-catalyst (minimizing the chemicals added to the analyte
solution), and the ease of preparation of the ionic, crystalline reagents from commercially
available precursors. Generally, the amine is pretreated with the dimidazolium, followed
by addition of the acid (possibly in the presence of a copper co-catalyst).37,38 The
formation of CO2 presents a good driving force for the reaction. The only other
byproduct, methylimidazolium 10, is water-soluble and non-fluorescent. Moreover, the
reaction has also been described as suitable for neutral or even slightly acidic reaction
conditions.39

Scheme 7. CBMIT amide formation.

The outlined two-step process, developed by Grzyb and Batey for the production
of tertiary amides, provides the chance for a possibly very beneficial variation of this
methodology (Scheme 8).35 The analogous reactivity of primary amines with
carbonyldiimidazole (CDI)40 supports an effective application to the coumarin amine
fluourophore and stoichiometric conversion to an acylimidazolium compound (similar to
11) that may be isolated. Imidazolium salts are generally stable and highly crystalline
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compounds of high water-solubility. This reagent may then be added to an aqueous
solution to be analyzed, followed by an organic solvent to extract the coumarin amide.

Scheme 8. CDI activation and amide coupling

2.5

Ammonium Salt-based SNAr Strategies
Triazinyl moieties (such as 12, Scheme 9) or 1-methylpyridinium groups (such as

13, Scheme 10) assist in amide coupling reactions in the same manner as imidazolium
salts.41,42 However, what makes them unique is their acylation via a SNAr reaction of an
appropriate precursor. Using the 12-mediated reaction as an example, the SNAr
mechanism begins with carboxylate ion acting as a strong nucleophile and adding to the
DMTMM aromatic system at the same location as the N-methyl morpholine leaving
group, which is summarily eliminated. This SNAr reaction results in an activated ester
with both 12 and 13, which is then displaced by the amine in the formation of the amide.
In addition, the stable azinone byproducts provide a good driving force and possess
water-soluble qualities. The fundamentally different reaction mechanism for the
activation of the acids may be reflected in fundamentally different kinetics of the reaction
in aqueous solution. The reactions take place in essentially neutral conditions and have
found wide applicability, including in aqueous systems.42 The reagents are ionic, stable,
sufficiently soluble and stable in water, and are commercially available (Aldrich).
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Scheme 9. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (12) –
mediated amide formation.

Scheme 10. 2-Chloro-1-methylpyridinium iodide (13)-mediated amide coupling.
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3 Aim of Thesis
This thesis aims at the evaluation of the best amide bonding strategy that places a
fluorescence aminomethyl coumarin tag onto a LMW organic acid in aqueous solution. A
three-stage study was conducted (Chart 1). First, a suitable aminomethyl coumarin
fluorophore was synthesized. Second, a library of acid-derivatized standards was
synthesized for use in optimizing the anticipated HPLC separation of a mixture of LMW
acids expected to be found in marine samples. Third, the aforementioned amide
coupling strategies were screened to identify the most applicable method for our reaction
conditions to the tagging of LMW organic acids in a large number of field samples.
Chart 1. Project overview.

In the laboratories of our collaborators, Professor Skoog at the UConn Marine
Sciences Department, the HPLC separations of the standards was optimized and the
coupling methods tested on marine samples. We also used these compounds as
standards for the evaluation of the various coupling methods.
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4 Results and Discussion

4.1

Fluorophore Synthesis

4.1.1

The optical properties 4-bromomethyl-6,7-dimethoxycoumarin
As discussed earlier (Section 1.6), a coumarin fluorophore was decided on as the

tag of choice due to its hydrophilicity, excitation/emission wavelengths, and high
brightness.

Representative

for

the

coumarins

are

the

optical

properties

of

4-bromomethyl-6,7-dimethoxycoumarin 14 (Figure 3). The excitation/emission spectrum
of the compound shows an absorption peak at approximately 355 nm and a
fluorescence peak at 430 nm, thus confirming the applicability for the HPLC
system/detector available (in the laboratories of our collaborators).
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Figure 3. UV-vis absorbance (solid traces) and fluorescence emission (dotted
traces) spectra of 4-bromomethyl-6,7-dimethoxycoumarin 14 (CH2Cl2).
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The coumarin fluorophore desired as a precursor in the amide forming
derivatization requires the presence of an amine group. As the aminomethyl variety of
6,7-dimethoxycoumarin is not commercially available, albeit it was described in the
literature,22,27 the synthesis of this derivative was pursued.

4.1.2

Synthesis of aminomethylcoumarin
Halogenated coumarin 13 is a convenient and commercially available starting

material for the preparation of aminomethyl coumarin 3. The original literature procedure
for 4-aminomethylcoumarin 3 is a Gabriel synthesis. As the reported overall yields for
the synthesis of 3 were very low (under 20%)22, Lim et al. improved the yields to >80%
by use of a Delépine reaction (Scheme 11).27 This reaction begins with hexamine
displacing the halogen to form bromide salt 15. In the next step, hydrolysis with a 0.5 M
HCl/EtOH solution results in ammonium chloride 16, which readily is hydrolyzed to form
the free amine. The Delépine reaction allows for the facile and cost-efficient preparation
of 16. Importantly, all the products and intermediates are crystalline solids, allowing their
preparation in highest purity through (repeated) recrystallization.

Scheme 11. Synthesis of 4-aminomethyl-6,7-dimethoxycoumarin hydrochloride (16).

Figure 4 shows an annotated 1H NMR spectrum (400 MHz, DMSO-d6/CDCl3) of
4-aminomethyl-6,7-dimethoxycoumarin hydrochloride 16. The most prominent peak is
the singlet at 3.89 ppm which results from the six methoxy protons somewhat deshielded by the nearby oxygen. This singlet neighbors that of the methylene protons (the
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spacer between the ammonium functionality and the coumarin), s, at 4.37 ppm. The
most deshielded protons (broad singlet at 8.68 ppm) are those of the ammonium
functionality. The two protons on the benzene moiety (two singlets at 7.18 ppm and
7.08 ppm) are, as expected due to ring current effect, also well upfield. The singlet at
6.40 ppm can be assigned to the proton adjacent to the carbonyl on the bicyclic ring
system.
While it may be expected that the proton signals on the methylene spacer would
be split by those of the ammonium functionality (and vice versa) a rapid rate of exchange
of the protons on the nitrogen broadens the signal, erasing the coupling pattern.43

Figure 4. 1H NMR (400 MHz, 25 °C, (DMSO-d6/CDCl3) spectrum of 15 with proton
signals assigned.

The

13

C NMR of 16 (Figure 5) shows individual signals for all thirteen carbons

present in the molecule. The carbonyl carbon on the lactone moiety at 160.42 ppm is
indicative of relatively high shielding, compared to many other lactones, but is a typical
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value for those found in the highly conjugated coumarin system. The methylene carbon
(a, Figure 5) is the most shielded carbon signal, and it lies very close to the DMSO-d6
solvent peak. In fact, upon derivatization of the coumarin this peak is often obscured, but
this is avoided with less polar derivatives (i.e. amides with longer alkyl chains) as pure
CDCl3 can be used for the analysis by NMR spectroscopy.

Figure 5.

13

C NMR (400 MHz, 25 °C, DMSO-d6/CDCl3) spectrum of 16 with select

signals assigned.

4.2

4.2.1

HPLC Standards

Preparation of HPLC standards
Amide derivatives of aminomethyl coumarin 3 were prepared using a standard

acid chloride-amine coupling strategy (Scheme 12). Acid chlorides are an activated form
of the corresponding carboxylic acid. Thus, acid chlorides form the corresponding amide
with an amine without the necessity of a coupling reagent. Since we are using the
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ammonium hydrochloride form of 3 (16) in this synthesis, triethylamine (or any other
base) is necessary to form the free amine in solution and to scavenge the acid formed
during the reaction.
The acid derivatives were chosen by considering their occurrence in marine
environments (based on previous studies).4-6 Those acids include: C2-C7 organic acids
(17-22) as the linear LWM organic acids expected to be found in the water column,
isobutyric and isovaleric (23 and 24) as examples of branched LMW organic acids, and
benzoic (25) as an aromatic acid.
In the synthesis of 17a-25a, the acid chloride was added to the solution of 16 and
Et3N (2.1:1:1.1) in CH2Cl2 and left to stir overnight. Product formation was monitored
using TLC and isolated with preparative plates (500 µm silica gel on glass,
CH2Cl2/MeOH solutions as eluents).
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Scheme 12. HPLC standards of coumarin tagged LMW acids prepared.
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Due to the instability of formyl chloride, a dialkyldiimide coupling strategy was
choosen to form 26a from formic acid and 16 (Scheme 13). DCC and the coupling
catalyst HOBt were added to a solution of 16 and Et3N in CH2Cl2, left to stir overnight,
and monitored and isolated as above (details on the DCC mechanism provided in
Section 2.2/4.3.1).

Scheme 13. Derivatization of formic acid.

Figure 6 shows the 1H NMR spectrum as an example of a representative
derivatized acid. This example, N-[(6,7-dimethoxy-2-oxo-2H-chromen-4-yl)methyl]propanamide, was synthesized from propionic acid chloride and 16 (in the presence of
Et3N). All signals resulting from the coumarin are again exhibited, but now two additional
signals are present, corresponding to the newly added alkyl chain on the amide. Also,
the N-H signal and the neighboring methylene signal are now split into a triplet and
doublet, respectively. This may indicate a slower exchange rate of the N-H proton, thus
the coupling between the methylene and N-H protons is expressed.
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Figure 6. 1H NMR (400 MHz, 25 °C, CDCl3) spectrum of 18a.

To further illustrate the successful derivatization of the fluorophore, a comparative
IR spectrum of 18a (compared to 16) is shown below (Figure 7). An anticipated change
in the IR spectra of 16 upon derivatization is an absorbance peak corresponding to the
stretching frequency of the amide carbonyl. One of the most diagnostic features of the
spectrum of the amide is the peak at 1637 cm-1, the characteristic stretching frequency
of the amide carbonyl group.48
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Figure 7. Differential IR spectrum of 18a, relative to 16.

Other examples of tagged organic acids are shown below to demonstrate the
spectroscopically diagnostic differences between the different derivatives. Figure 8
shows the butyryl derivative, with the triplet-sextuplet-triplet sequence at approximately
0.9, 1.7, and 2.2 ppm, respectively, indicating the presence of a longer saturated chain.
Figure 9 shows the benzoic derivative, with the triplet-triplet-doublet sequence at
approximately 7.5, 7.6, and 7.9 ppm, respectively, indicating the presence of phenyl
group hydrogens. The characteristic 4J coupling of the phenyl protons can also be
discerned.

26

Figure 8. 1H NMR (400 MHz, 25 °C, CDCl3) spectrum of 19a.

Figure 9. 1H NMR (400 MHz, 25 °C, CDCl3) spectrum of 24a.
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4.2.2

Fluorescence quenching with amino group
The fluorescence of the free aminomethylcoumarin 3 was compared to that of

derivatized amide 18a (Figure 10). Due to the effects of photo-electron transfer (PET,
Section 1.7) the fluorophore is quenched by the amino lone electron pair, but not by the
amide. This is illustrated by the observed ~30-fold increase in fluorescence after
derivatization. The data confirms the reported PET effect of the methylamine group,
which bodes well for HPLC application in minimizing background noise.
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Figure 10. Fluorescence emission spectra of 0.15 M solutions of 3 (dotted trace) and
18a (solid trace) (CH2Cl2).

4.3

Amide Coupling Screening
One of the first decisions to be made regarding the screening of coupling methods

involved determining which solvent systems to use. As the experimental conditions are
meant to simulate extraction of LMW organic acids from a marine sample, water was
necessary in the system, and, as the extraction (into a more HPLC-friendly solvent) of
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the derivatized acid is desired to achieve some concentration effect and/or remove
coupling side products or catalysts, an organic solvent was also necessary. Therefore, a
bi-phasic solvent system was chosen for the coupling reaction: one aqueous phase and
one organic phase. This extraction of the final tagged acid into an organic solvent may
also lead to a desirable concentration increase of the analyte.
Of the organic solvents utilized, the two primary solvents used in the screening
were toluene and DCM. These solvents differed in two important properties with respect
to each other and water: density and polarity. The polarity of the solvents is presumed to
have an effect on the relative concentrations of each compound in the solvents during
the reaction by stabilization of transition states and, therefore, the coupling reaction rate.
Also, the efficiency of the extraction of the derivatized product should be affected by the
organic solvent polarity. In this case, DCM is the more polar organic solvent (a polarity
index of 3.1 P’, compared to toluene’s 2.4 P’). The density of the organic solvents is
primarily of interest during field application of the derivatization. Toluene is less dense
than water, at 0.867 g/mL, and DCM is more dense than water, at 1.33 g/mL. This
translates to an organic phase either above or below the aqueous layer with a toluene or
DCM solvent system, respectively. When dealing with a bi-phasic system in the field
extraction would seemingly be more facile from a surface solvent although automated
samplers can be trained to retrieve either phase.
In the screening of each amide coupling method, at a minimum, both of the
aforementioned organic solvents were tested in the aqueous bi-phasic system.
Reactions were conducted at room temperature (as mild conditions are desirable for the
optimal derivatization) and equal volumes of each organic and aqueous solvents used
(5 mL each). Propionic acid was the standard organic acid used in the screening, as it
represented a simple and economical target acid of intermediate polarity. Each reaction
was rigorously stirred to assure a good mixing of the phases in a round bottom flask and
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monitored by TLC, for a maximum of 5 days, to judge formation of the fluorescent
derivatized product and consumption of coumarin starting material. Exactly 5.0 mg of
fluorophore 16 (1.8×10-5 mol) were used in each screening. Reactions were worked up
by removal of the organic layer and concentration in vacuo followed by isolation on a
silica gel preparative TLC plate.

4.3.1

Screening of dialkyldiimides
The dialkyldiimides screened in this study were DCC and EDC (Chart 2); DCC

representing the oldest, lipophilic and most common dialkyldiimide and EDC being a
more water-soluble variation. Within the bi-phasic solvent system each reagent was
individually tested in association with three different coupling catalysts (HOBt, HOAt,
and NHS, Chart 2).
Chart 2. Dialkyldiimides and coupling catalysts used.

The DCC coupling mechanism for the derivatization presumably followed as
shown below (Scheme 14), with that of EDC differing only in the dialkyldiimide
substituents. During the coupling, the carboxylic acid reacts first with the dialkyldiimide,
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theoretically without the requirement of additional amine. The O-acylisourea mixed
anhydride 27 produced may then react with the aminomethylcoumarin derived from 16
(prepared in situ by deprotonation of the ammonium salt using Et3N) or with the selected
catalyst (i.e., HOAt, HOBt, NHS), as described in Section 2.2. The varying
hydrophilicities of both the coupling reagents and catalysts promised to effect the biphasic reaction, and, in fact, the results varied widely. The results are summarized in
Chart 2.

Scheme 14. Derivatization of organic acids with aminomethyl coumarin 16 mediated
by DCC.

Results from coupling trials of the two dialkyldiimides in, first, a mono-phase, DCM
solution showed their effectiveness as coupling reagents for this particular acid/amine
pair (Table 1, entries 1 and 8). From the bi-phasic solution screening, four different sets
of conditions were identified where the fluorescent starting material was completely
consumed (entries 7, 9, 11, 13, and 14). With reference to the coupling catalysts, HOBt
resulted in complete conversion of the starting materials in DCM, HOAt did well with
EDC in DCM, and NHS had a similiarly positive outcome with DCC in toluene and with
EDC in both solvent systems.
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Table 1. Dialkyldiimide screening results.
Coupling Reagents Entry Solvent System

a

Other Reagents Desired Product Completion

1

DCM

Et3N

Yes

Yes

2

H2O/DCM

Et3N, HOBt

Yes

Yes

3

H2O/Toluene

Et3N, HOBt

Yes

No

4

H2O/DCM

Et3N, HOAt

Yes

No

5

H2O/Toluene

Et3N, HOAt

Yes

No

6

H2O/DCM

Et3N, NHS

Yes

No

7

H2O/Toluene

Et3N, NHS

Yes

Yes

8

DCM

Et3N

Yes

Yes

9

H2O/DCM

Et3N, HOBt

Yes

Yes

10

H2O/Toluene

Et3N, HOBt

Yes

No

11

H2O/DCM

Et3N, HOAt

Yes

Yes

12

H2O/Toluene

Et3N, HOAt

Yes

No

13

H2O/DCM

Et3N, NHS

Yes

Yes

14

H2O/Toluene

Et3N, NHS

Yes

Yes

DCC

EDC

All reactions stirred vigorously at ambient temperature for 5 days using 1.8×10-5 mol 16
and 1.2 eq EDC/DCC, coupling catalyst, propionic acid, and Et3N in 5 mL each of
organic solvent and H2O (distilled).
a

As determined by formation of a fluorescent spot at a known Rf.

b

Consumption of starting material 16 beyond an observable amount on TLC.
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b

4.3.2

Screening of isoxazolium salt reagents
In evaluating the applicability of isoxazolium salts under these coupling conditions

only one representative compound was screened: NEPIS (Chart 3). While other
isoxazolium salts have been shown to be competent amide coupling catalysts (most
notably N-ethylbenzisoxazolium),44 NEPIS has been reported as the “most useful”
variation, based on relative reaction speed and yield observed.34
Chart 3. Isoxazolium salt used.

The derivatization of organic acids with coumarin 16 mediated by the isoxazolium
salt (NEPIS) may follow the pathway shown (Scheme 15). Similar to the dialkyldiimide
coupling, the reaction begins with activation of the carboxylate, which in this case forms
an enol ester (28) instead of an O-acylisourea. Another significant difference in this step
is the necessity of a base to form the carboxylate anion. Woodward used triethylamine
effectively in the original study,34 as do we, thus requiring a total of 2 equivalents of base
in the reaction (1 equiv for free-basing aminomethylcoumarin and 1 equiv for the
carboxylate formation). Aminolysis of the activated ester by the coumarin amine then
produced the amide and water-soluble ketone 29.
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Scheme 15. Derivatization of organic acids with NEPIS.

The screening of NEPIS for the derivatization purposed was conducted in the
same format as with the dialkyldiimides. Under the literature conditions (acetonitrile as a
solvent) the desired product was observed and the reaction went to completion (Table 2,
entry 1). Under the DCM and toluene bi-phasic solvent conditions much of reactant 16
remained after a five-day period (as per TLC monitoring) (Table 2, entry 2 and 3). Due to
the fact that the H2O/toluene appeared more effective, but with much product remaining
in the aqueous layer, a saline H2O solution was used under analogous conditions in an
attempt to “salt out” the product dissolved therein. This reaction produced no significant
observable differences over the same time period. A bi-phasic ethyl actetate solution
was also screened. The more polar nature of ethyl acetate (P’ = 4.8) was thought a
possible advantage due to the ionic nature of the coupling reagent, however, this also
had little effect on the completion of the reaction. This result was just as well,
considering ethyl acetate’s high level of acetic acid/acetate contaminants.
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Table 2. Isoxazolium screening results.
Coupling Reagents Entry

NEPIS

Solvent System

a

Other Reagents Desired Product Completion

1

ACN

Et3N

Yes

Yes

2

H2O/DCM

Et3N

Yes

No

3

H2O/Toluene

Et3N

Yes

No

4

H2O(saline)/Toluene

Et3N

Yes

No

5

H2O/EtOAc

Et3N

Yes

No

All reactions stirred vigorously at ambient temperature for 5 days using 1.8×10-5 mol 16,
1.2 equiv NEPIS and propionic acid, and 2.2 equiv Et3N in 5 mL each of organic solvent
and H2O (distilled).
a

As determined by formation of a fluorescent spot at a known Rf.

b

Consumption of starting material 16 beyond an observable amount on TLC.

4.3.3

Screening of carbamoyliimidazolium-based reagents
The carbamoyliimidazolium-based reagents we investigated were the methyl-

activated versions of the CDI parent reagent: N,N’-carbonylbis(3-methylimidazolium)
triflate (CBMIT) and the methylated, coumarin-containing carbamoylimidazolium 30
(Chart 4, prepared as discussed below). While the ionic nature of the quarternized
derivative CBMIT renders it water-soluble (a desirable characteristic for our purposes),
it’s reported high sensitivity to water made this compound inappropriate for use for our
application.38 Concerning 30, the lack of literature precedent for the coupling of CDI with
a benzyl amine, combined with the known hydrolytic instability of the parent compound,
led to the abandonment of this compound as a suitable reagent after initial testing
provided no positive results (Scheme 16).
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b

Chart 4. Carbamoylimidazolium-based coupling reagents used.

Scheme 16. Synthesis of 30.

4.3.4

Screening of SNAr-mediated reagents
A common characteristic of several of the amide coupling pathways we have

screened is the formation of an activated ester that is then attacked by amine
nucleophile 16 (as seen in DCC, EDC, and NEPIS). In this section we describe the
application of two additional coupling reagents: 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)4-methylmorpholinium chloride (DMTMM) and 2-chloro-1-methylpyridinium iodide
(Mukaiyama’s reagent, 13) (Chart 5), that again employ the use of an activated ester,
but arrive at that intermediate though a unique SNAr reaction. DMTMM has been
reported as a fast and efficient reagent when used for amide bond formation in peptide
synthesis (greater than 90% yields over several minutes).47 Mukaiyama’s reagent 13,
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while it shares the same SNAr mechanism as DMTMM, has a higher water-solubility and
requires a tertiary amine base for coupling.42
Chart 5. SNAr-mediated coupling reagents used.

The general mechanism of DMTMM for the derivatization presumably begins with
activation of the carboxylic acid (Scheme 17). A base was not necessary in this step as
the organic acid may be deprotonated by N-methyl-morpholine, forming ammonium salt
side-product 31, which results from the DMTMM SNAr reaction with the carboxylate to
produce the activated ester 32. One equivalent of base (Et3N) was necessary, however,
to release the coumarin’s amine, which reacts with the ester 32 to form the amide. Both
side-products formed in the reaction (31 and 33) are extracted into the aqueous layer.

Scheme 17. Derivatization of organic acid with DMTMM
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In the Mukaiyama reagent-catalyzed reaction, base takes a more active role in the
amide coupling (Scheme 18). In the first step, the base (Et3N) receives the organic acid
proton to facilitate the resulting carboxylate ion attack on 13. Then, in the second step,
two equivalents of the base are needed: one to produce the free amine of 16 and one
equivalent to satisfy its role as a hydrogen iodide scavenger. The effect of Et3N
increased participation in this derivatization distinguishes it markedly from DMTMM, and,
in effect, also may have contributed to the disparity in the screening results.

Scheme 18. Derivatization of organic acid with 13.

Of the two SNAr strategy-based coupling catalysts analyzed DMTMM showed
distinctly better performance (Table 3). When duplicating literature coupling conditions,
both catalysts succeeded in mediating the quantitative formation of product (Table 3,
entries 1 and 4). However, in the bi-phasic systems, only the DMTMM-containing
reactions produced the desired amide over the 5-day period monitored, although not
quantitatively (Table 3,entries 5, 6, and 7). Similar to the results of NEPIS, DMTMM
appeared to promote amide formation more predominately in the toluene/H2O solvent
system, while also retaining a considerable amount of amide product in the aqueous
layer. Saline H2O was therefore tested, once again, and without any significant effect on
product formation observed. Regarding the failure of 13 to give the desired product, this
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may in part be attributed to its reported poor performance in conventional solvents at
ambient temperatures.19 It was previously surmised that, due to the polarity of the
compound, reflux conditions are required for 13 to affect reaction effectively in most
standard organic solvents.42
Table 3. SNAr screening results.
Coupling Reagents Entry

Solvent System

a

Other Reagents Desired Product Completion

1

DCM*

Et3N (3 equiv)

Yes

Yes

2

H2O/DCM

Et3N (3 equiv)

No

No

3

H2O/Toluene

Et3N (3 equiv)

No

No

4

THF

Et3N

Yes

Yes

5

H2O/DCM

Et3N

Yes

No

6

H2O/Toluene

Et3N

Yes

No

7

H2O(saline)/Toluene Et3N

Yes

No

12

DMTMM

All reactions stirred vigorously at ambient temperature for 5 days using 1.8×10-5 mol 16,
1.2 equiv 12/DMTMM, propionic acid, and Et3N (unless otherwise noted) in 5 mL each of
organic solvent and H2O (distilled).
a

As determined by formation of a fluorescent spot at a known Rf.

b

Consumption of starting material 16 beyond an observable amount on TLC.

4.4

Optimum Coupling Method
Of all the coupling methods explored it was observed that only six sets of

conditions led to complete reaction of 16, all of which utilized dialkyldiimide reagents. To
identify the most efficient method dialkyldiimide, catalyst, and Et3N amounts were
lessened from 1.2 equiv to 1.1 equiv (with respect to 16) and reaction times and yield
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b

recorded (Table 4). Of the six reactions examined under the new conditions only three
showed complete consumption of 16 within the 5-day period (Table 4, entries 1, 4, and
5), with the reaction using EDC and HOAt performing fastest and with comparable yield
to DCC and HOBt.
Table 4. Revised screening of successful coupling conditions
Coupling Reagent Entry Coupling Catalyst Solvent System Completion

a

Time

Yield

5 days

100%

1

HOBt

H2O/DCM

Yes

2

NHS

H2O/Toluene

No

3

HOBt

H2O/DCM

No

4

HOAt

H2O/DCM

Yes

1 day

100%

5

NHS

H2O/DCM

Yes

5 days

72%

6

NHS

H2O/Toluene

No

DCC

EDC

All reactions stirred vigorously at ambient temperature for 5 days using 1.8×10-5 mol 16
and 1.1 equiv EDC/DCC, HOBt/HOAt/NHS, propionic acid, and Et3N in 5 mL each of
organic solvent and H2O (distilled).
a

Consumption of starting material 16 beyond an observable amount on TLC.
This efficiency of the EDC/HOAt coupling, as well as the aforementioned high

water-solubility of these reagents (as discussed in Section 2.2), led to the conclusion
that this was the best method for our derivatization. A possible explanation for the
difference in reaction rate may in part be taken from a study that similarly reported faster
coupling times for HOAt, relative to HOBt, in the dialkyldiimide-mediated syntheses of
several amides.33 In this report, it was hypothesized that a neighboring effect may be
responsible (Scheme 19). The nitrogen on the pyridine moiety of HOAt may act to direct
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the amine on 3 to attack the activated ester through chelation to its amino proton and
thereby speed up the overall coupling.

Scheme 19. Additional chelation with HOAt.
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5 HPLC Separation Results
The HPLC standards synthesized (17a-27a, as discussed in Section 4.2) were sent
to our collaborator Professor Annelie Skoog at the UConn Department of Marine
Sciences at the Avery Point campus to determine the optimal HPLC separation method.
Initially, the acid-derived standards were separated on a Hewlett-Packard HPLC system,
employing a gradient elution with acetonitrile and pH 9 buffer (40 to 100% acetonitrile in
30 min, 10 min at 100%) with a flow rate of 1 ml/min on a Wakosil-II 5C18 HG at 40 °C
using fluorescence detection, as was described by Sasamoto et al.22 However, this
method was optimized for longer chain acids and problems with overlap between a
reagent peak eluting between 1.6 and 4 min and formate occurred. A new method was
therefore devised that improved separation. The new method employed a solvent
system of 17% acetonitrile in pH 3 phosphate buffer (solution A) and pure acetonitrile
(solution B). A step gradient with a flow rate of 1 ml/min starting at 0% B for 4 min,
increasing to 20% B over 5 min, holding for 4 min, increasing to 50% B over 4 min,
holding for 3 min, and gradient back to 0% B over 3 min was employed. A Zorbax
column (5 µM particle diameter, stainless steel cartridge, 150 mm length, and 4-mm
inner diameter, Merck), column temperature at 30°C, preceded by a Zorbax guard
column (5 µM, 4×3 mm, Merck) was utilized. A separation of nine standards is shown
(Figure 11). Method optimization continues as the current method shows near
concurrent elution of the formamide 17a and acetamide 18a derivatives.
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Figure 11. A HPLC chromatogram showing the separation of coumarin derivatives of
formate (26a), acetate (17a), propionate (18a), butanoate (19a), pentanoate (20a),
hexanoate (21a), heptanoate (22a), isopentanoate (24a), and benzoate (25a) at
1 µM each. Fluorescence detection at λexcitation = 348 nm and λemission = 435 nm.

As seen in the chromatogram below (Figure 12), a detection of 0.5 µM
concentrations of the standards can be readily achieved. The instrument detection limit
for this method using the standards is estimated to be sub-nM. The low detection limits
are a result of the very high fluorescence quantum yields (~40%) of the compounds.

Figure 12. A HPLC chromatogram showing the signal from a 0.5 µM concentration
of acetate derivative (17a) at time 6.147 min (fluorescence detection).
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6 Conclusion
The optimum method for our amide coupling deivatization was determined to be that
utilizing EDC and HOAt (Scheme 20). The use of 1.1 equiv of EDC, HOAt, and Et3N in
the presence of 1 equiv of 16 forms the derivatized organic acids when stirred vigorously
in minimal volumes of DCM and H2O (5 mL each). Reaction occurs under mild
conditions (ambient temperature) and in quantitative yields (as determined by TLC and
by isolation of the product).
Concerning the starting materials, 16 may be produced in high yields (>80%), using
the Delépine synthesis, and all other reagents may be purchased directly (Aldrich) and in
high purity. The given method has an added advantage in that all unreacted reagents,
catalysts, and urea byproduct 34 are water-soluble and should remain in the aqueous
layer. Given the available purity of reagents and the demonstrated high fluorescence of
derivatized HPLC standards, we anticipate the ability to determine concentrations of
organic acids in the marine environment beyond current literature detection limits.

Scheme 20. Optimal derivatization of marine organic acids with 16.
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7 Experimental

7.1
1

General

H and

13

C NMR spectra were recorded on a Brucker DRX 400 instrument at ambient

temperature. The NMR spectra are expressed on the δ scale and were referenced to
residual solvent peaks. UV-vis spectra were recorded on a Cary 50 spectrophotometer.
Fluorescence spectra were recorded on a Cary Eclipse spectrophotometer. IR spectra
were recorded with neat sample on the Thermo Nicolet Smart Performer instrument
featuring

the

attenuated

reflectance

(ATR)

probe.

The

analytical

thin-layer

chromatography (TLC) plates were aluminum-backed Silicycle ultrapure silica gel 60,
250 µm; preparative TLC plates (500 and 1000 µm silica gel on glass). All solvents and
reagents were used as received unless otherwise noted.

7.2

Synthesis of 4-Aminomethyl-6,7-dimethoxycoumarin hydrochloride (16).

This synthesis was adapted from the literature.27 To a solution of 4-(bromomethyl)-6,7dimethoxycoumarin (626 mg, 2.09 mmol) in CHCl3 (30 mL) was added a solution of
hexamine (hexamethylenetetramine, urotropin) (445 mg, 3.17 mg) in CHCl3 (10 mL). The
reaction was stirred under N2 at ambient temperature for 24 h. The resulting precipitate
was filtered, washed with CHCl3, and air-dried to yield 1-[(6,7-dimethoxy-2-oxo-2Hchromen-4-yl)methyl]-3,5,7-triaza-1-azoniatricyclo[3.3.1.13,7]decane bromide as a yellow
solid. Yield: 800 mg (87%). Rf = 0.57 (CHCl3/15% MeOH/7.7% Et3N). 1H NMR (DMSOd6, 400 MHz, δ): 7.37 (s, 1H), 7.20 (s, 1H), 6.57 (s, 1H), 5.22 (s, 6H), 4.59 (m, 3H), 4.46
(m, 3H), 4.25 (s, 2H), 3.91 (s, 3H), 3.90 (s, 3H) ppm.

13

C NMR (DMSO-d6, 100 MHz, δ):

159.5, 153.3, 149.8, 146.3, 140.2, 119.7, 111.5, 106.6, 100.9, 79.2, 69.7, 57.2, 56.5,
53.6 ppm. This crude product (800 mg, 1.8 mmol) was stirred with a 0.5 M solution of
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aqueous HCl in EtOH (40 mL) at ambient temperature for 24 h. The yellow mixture
gradually turned white, indicating the completion of the hydrolysis. The precipitate was
filtered (glass frit M) and washed with dry EtOH (~2 mL), followed by Et2O, to yield white
microcrystalline 16. Yield: 398 mg (93%). Rf = 0.31 (silica-CH2Cl2/10% MeOH). 1H NMR
(DMSO-d6, 400 MHz, δ): 8.68 (s, 3H), 7.18 (s, 1H), 7.08 (s, 1H), 6.40 (s, 1H), 4.37 (s,
2H), 3.89 (s, 6H) ppm.

13

C NMR (CDCl3/50% DMSO-d6, 100 MHz, δ): 160.4, 153.6,

149.6, 149.1, 146.6, 111.1, 109.9, 106.5, 100.9, 57.0, 56.9 ppm. For a reproduction of
the 1H and 13C NMR spectra of 16 see Figures 4 and 5, respectively.

7.3

General Procedure for the Synthesis of Derivatized Acid Standards (17a25a).

To a mixture of crystalline 16 (10 mg, 3.7×10-5 mol) in CH2Cl2 (~3 mL) was added TEA
(10.9 µL, 7.8×10-5 mol). The reaction was stirred at ambient temperature for 15 min. 16
readily reacted to form the soluble free amine (3), which dissolved. 1.1 equiv of the acid
chloride (17-25) was added to the solution. The reaction was stirred under N2 at ambient
temperature for 24 h. The solution was then filtered through a plug of cotton and purified
by means of preparative plate chromatography (silica, TLC solvent indicated below).

7.3.1

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]acetamide (17a)

Prepared according to the procedure, in 95% yield (9.7 mg) as a white solid from 16 (10
mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and acetyl chloride (2.87 µL, 4.0×10-5
mol). Rf = 0.58 (silica-CH2Cl2/10% MeOH). The solution was purified by means of
preparative plate chromatography (silica-DCM/5% MeOH). 1H NMR (CDCl3/25% DMSOd6, 400 MHz, δ): 7.11 (s, 1H), 7.02 (t, 3J = 5.2 Hz, 1H), 6.80 (s, 1H), 6.22 (s, 1H), 4.56 (d,
3

J = 6.1 Hz, 2H), 3.92 (s, 3H), 3.90 (s, 3H), 2.06 (s, 3H) ppm.
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13

C NMR (CDCl3/25%

DMSO-d6, 100 MHz, δ): 170.5, 161.5, 153.0, 152.4, 149.7, 146.5, 110.8, 110.6, 104.9,
100.1, 56.6, 56.4, 39.9, 23.1 ppm.

Figure 13. 1 H NMR spectrum (400 MHz, CDCl3/25% DMSO-d6, 25 °C) of 17a.

Figure 14. 13 C NMR spectrum (100 MHz, CDCl3/25% DMSO-d6, 25 °C) of 17a.
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7.3.2

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]propanamide (18a)

Prepared according to the procedure, in 98% yield (9.8 mg) as a white solid from 16 (10
mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and propionyl chloride (3.40 µL, 4.0×10-5
mol). Rf = 0.54 (silica-CH2Cl2/10% MeOH). The solution was purified by means of
preparative plate chromatography (silica-DCM/3% MeOH). 1H NMR (CDCl3/25% DMSOd6, 400 MHz, δ): 7.14 (s, 1H), 6.74 (s, 1H), 6.27 (t, 3J = 6.1 Hz, 1H), 6.19 (s, 1H), 4.63 (d,
3

J = 6.2 Hz, 2H), 3.93 (s, 6H), 2.36 (q, 3J = 7.6 Hz, 2H), 1.24 (t, 3J = 7.6 Hz, 3H) ppm.

13

C NMR (CDCl3/25% DMSO-d6, 100 MHz, δ): 174.3, 161.5, 152.9, 152.6, 149.7, 146.4,

110.8, 110.6, 105.0, 100.1, 56.6, 56.4, 39.8, 29.5, 10.0 ppm. For a reproduction of the 1H
spectrum of 18a see Figure 6.

Figure 15. 13 C NMR spectrum (100 MHz, CDCl3/25% DMSO-d6, 25 °C) of 18a.
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7.3.3

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]butanamide (19a)

Prepared according to the procedure, in quantitative yield (11.2 mg) as a white solid
from 16 (10 mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and butyryl chloride (4.17
µL, 4.0×10-5 mol). Rf = 0.63 (silica-CH2Cl2/10% MeOH). The solution was purified by
means of preparative plate chromatography (silica-DCM/3% MeOH).

1

H NMR

(CDCl3/25% DMSO-d6, 400 MHz, δ): 7.13 (s, 1H), 6.87 (t, 3J = 5.7 Hz, 1H), 6.76 (s, 1H),
6.19 (s, 1H), 4.56 (d, 3J = 5.9 Hz, 2H), 3.91 (s, 3H), 3.89 (s, 3H), 2.24 (t, 3J = 7.5 Hz,
2H), 1.68 (sex, 3J = 7.4 Hz, 2H), 0.94 (t, 3J = 7.6 Hz, 3H) ppm.

13

C NMR (CDCl3/25%

DMSO-d6, 100 MHz, δ): 173.4, 161.6, 152.9, 152.6, 149.7, 146.4, 110.9, 110.6, 105.0,
100.0, 56.4, 56.4, 39.8, 38.5, 19.3, 13.9 ppm. For a reproduction of the 1H spectrum of
19a see Figure 8.

Figure 16. 13 C NMR spectrum (100 MHz, CDCl3/25% DMSO-d6, 25 °C) of 19a.
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7.3.4

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]pentanamide (20a)

Prepared according to the procedure, in quantitative yield (12.6 mg) as a white solid
from 16 (10 mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and valeryl chloride (4.80
µL, 4.0×10-5 mol). Rf = 0.53 (silica-CH2Cl2/10% MeOH). The solution was purified by
means of preparative plate chromatography (silica-DCM/2% MeOH). 1H NMR (CDCl3,
400 MHz, δ): 7.15 (s, 1H), 6.74 (s, 1H), 6.22 (t, 3J = 5.8 Hz, 1H), 6.19 (s, 1H), 4.62 (d, 3J
= 5.9 Hz, 2H), 3.93 (s, 6H), 2.32 (t, 3J = 7.6 Hz, 2H), 1.71 (quint, 3J = 7.4 Hz, 2H), 1.39
(sex, 3J = 7.6 Hz, 2H), 0.94 (t, 3J = 7.3 Hz, 3H) ppm.

13

C NMR (CDCl3, 100 MHz, δ):

173.4, 161.7, 153.1, 152.4, 149.8, 146.6, 111.1, 110.4, 104.9, 100.0, 56.6, 56.4, 40.0,
36.5, 27.9, 22.6, 13.9 ppm.

Figure 17. 1 H NMR spectrum (400 MHz, CDCl3, 25 °C) of 20a.
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Figure 18. 13 C NMR spectrum (100 MHz, CDCl3, 25 °C) of 20a.

7.3.5

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]hexanamide (22a)

Prepared according to the procedure, in quantitative yield (24.5 mg) as a white solid
from 16 (10 mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and hexanoyl chloride (5.73
µL, 4.0×10-5 mol). Rf = 0.63 (silica-CH2Cl2/10% MeOH). The solution was purified by
means of preparative plate chromatography (silica-DCM/2% MeOH). 1H NMR (CDCl3,
400 MHz, δ): 7.15 (s, 1H), 6.70 (s, 1H), 6.37 (s, 1H), 6.18 (s, 1H), 4.61 (d, 3J = 5.6 Hz,
2H), 3.93 (s, 3H), 3.92 (s, 3H), 2.32 (t, 3J = 7.6 Hz, 2H), 1.70 (s, 2H), 1.33 (s, 4H), 0.90
(s, 3H) ppm.

13

C NMR (CDCl3, 100 MHz, δ): 173.5, 161.7, 153.0, 152.6, 149.7, 146.6,

111.0, 110.4, 105.0, 100.0, 56.6, 56.4, 40.0, 36.8, 31.6, 25.6, 22.5, 14.0 ppm.
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Figure 19. 1 H NMR spectrum (400 MHz, CDCl3, 25 °C) of 21a.

Figure 20. 13 C NMR spectrum (100 MHz, CDCl3, 25 °C) of 21a.
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7.3.6

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]heptanamide (22a)

Prepared according to the procedure, in 98% yield (25.0 mg) as a white solid from 16
(10 mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and heptanoyl chloride (6.26 µL,
4.0×10-5 mol). Rf = 0.80 (silica-CH2Cl2/10% MeOH). The solution was purified by means
of preparative plate chromatography (silica-DCM/2% MeOH). 1H NMR (CDCl3, 400 MHz,

δ): 7.15 (s, 1H), 6.72 (s, 1H), 6.31 (s, 1H), 6.19 (s, 1H), 4.62 (d, 3J = 5.6 Hz, 2H), 3.93 (s,
6H), 2.32 (m, 2H), 1.69 (m, 2H), 1.31 (s, 6H), 0.88 (s, 3H) ppm.

13

C NMR (CDCl3/25%

DMSO-d6, 100 MHz, δ): 173.8, 161.6, 152.9, 152.8, 149.8, 146.5, 111.0, 110.7, 105.2,
100.2, 56.6, 56.5, 39.8, 36.6, 31.7, 29.2, 25.9, 22.6, 14.2 ppm.

Figure 21. 1 H NMR spectrum (400 MHz, CDCl3, 25 °C) of 22a.
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Figure 22. 13 C NMR spectrum (100 MHz, CDCl3/25% DMSO-d6, 25 °C) of 22a.

7.3.7

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]-2-methylpropanamide
(23a)

Prepared according to the procedure, in 98% yield (16.5 mg) as a white solid from 16
(10 mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and isobutyryl chloride (4.24 µL,
4.0×10-5 mol). Rf = 0.64 (silica-CH2Cl2/10% MeOH). The solution was purified by means
of preparative plate chromatography (silica-DCM/3% MeOH). 1H NMR (DMSO-d6, 400
MHz, δ): 8.36 (t, 3J = 5.8 Hz, 1H), 7.25 (s, 1H), 7.08 (s, 1H), 6.09 (s, 1H), 4.49 (d, 3J =
5.8 Hz, 2H), 3.87 (s, 3H), 3.83 (s, 3H), 3.25 (m, 1H), 1.06 (d, 3J = 6.9 Hz, 6H) ppm.

13

C

NMR (DMSO-d6, 100 MHz, δ): 177.2, 161.2, 154.4, 153.2, 149.6, 146.5, 110.7, 109.6,
106.2, 100.9, 56.8, 56.7, 39.7, 34.8, 20.2 ppm.
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Figure 23. 1H NMR spectrum (400 MHz, DMSO-d6, 25 °C) of 23a.

Figure 24. 13 C NMR spectrum (100 MHz, DMSO-d6, 25 °C) of 23a.
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7.3.8

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]-3-methylbutanamide
(24a)

Prepared according to the procedure, in 91% yield (10.7 mg) as a white solid from 16
(10 mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and isovaleryl chloride (4.93 µL,
4.0×10-5 mol). Rf = 0.66 (silica-CH2Cl2/10% MeOH). The solution was purified by means
of preparative plate chromatography (silica-DCM/2% MeOH). 1H NMR (DMSO-d6, 400
MHz, δ): 7.17, 6.63 (s, 1H), 6.61 (t, 3J = 5.9 Hz, 1H), 6.17 (s, 1H), 4.60 (d, 3J = 5.9 Hz,
2H), 3.93 (s, 3H), 3.89 (s, 3H), 2.20 (d, 3J = 2.4 Hz, 2H), 2.18 (m, 1), 0.98 (d, 3J = 6.4 Hz,
6H) ppm.

13

C NMR (DMSO-d6, 100 MHz, δ): 173.1, 162.0, 153.1, 152.9, 149.7, 146.7,

111.1, 110.6, 105.0, 100.0, 56.7, 56.5, 46.1, 40.1, 26.4, 22.8 ppm.

Figure 25. 1H NMR spectrum (400 MHz, DMSO-d6, 25 °C) of 24a.
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Figure 26. 13 C NMR spectrum (100 MHz, DMSO-d6, 25 °C) of 24a.

7.3.9

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]benzamide (25a)

Prepared according to the procedure, in 15% yield (2.1 mg) as a white solid from 16 (10
mg, 3.7×10-5 mol), TEA (10.9 µL, 7.8×10-5 mol), and benzoyl chloride (4.70 µL, 4.0×10-5
mol). Rf = 0.76 (silica-CH2Cl2/10% MeOH). The solution was purified by means of
preparative plate chromatography (silica-DCM/5% MeOH). 1H NMR (DMSO-d6, 400
MHz, δ): 9.12 (t, 3J = 5.7 Hz, 1H), 7.94 (d, 3J = 7.0 Hz, 2H), 7.59 (t, 3J = 7.3 Hz, 1H), 7.52
(t, 3J = 7.3 Hz, 2H), 7.36 (s, 1H), 7.12 (s, 1H), 6.13 (s, 1H), 5.76 (s, 1H), 4.73 (d, 3J = 5.6
Hz, 2H), 3.88 (s, 3H), 3.86 (s, 3H) ppm.

13

C NMR (DMSO-d6, 100 MHz, δ): 167.3, 161.2,

155.0, 153.3, 149.7, 146.5, 134.5, 132.4, 129.2, 128.0, 110.7, 109.7, 106.3, 101.0, 56.9,
56.8 ppm. (peak at ~40 ppm obscured by DMSO solvent peak) For a reproduction of the
1

H spectrum of 25a see Figure 9)

57

Figure 27. 13 C NMR spectrum (100 MHz, DMSO-d6, 25 °C) of 25a.

7.4

Synthesis

of

N-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]formamide

(26a).
To a mixture of crystalline 16 (20 mg, 7.4×10-5 mol) in CH2Cl2 (~8 mL) was added triethyl
amine (12.3 µL, 8.8×10-5 mol). The reaction was stirred at ambient temperature for
15 min. 16 readily reacted to form the soluble free amine (3), which dissolved. To the
solution, formaldehyde (3.32 µL, 8.8×10-5 mol), DCC (36.40 mg, 1.8×10-4 mol), and
HOBt (29.79 mg, 2.2×10-4 mol) were added. The reaction was stirred under N2 at
ambient temperature for 3 days. The solution was then purified by means of preparative
plate chromatography (silica-DCM/5% MeOH). Yield 13.0 mg (67%). Rf = 0.74 (silicaCH2Cl2/10% MeOH). 1H NMR (DMSO-d6, 400 MHz, δ): 8.60 (t, 3J = 5.6 Hz, 1H), 8.25 (d,
3

J = 1.4 Hz, 1H), 7.26 (s, 1H), 7.10 (s, 1H), 6.16 (s, 1H), 4.56 (d, 3J = 5.8 Hz, 2H), 3.87

(s, 3H), 3.84 (s, 3H) ppm.

13

C NMR (DMSO-d6, 100 MHz, δ): 162.3, 161.1, 153.6, 153.3,

149.6, 146.6, 110.6, 109.8, 106.3, 101.0, 56.9, 56.8, 38.4 ppm.
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Figure 28. 1H NMR spectrum (400 MHz, DMSO-d6, 25 °C) of 26a

Figure 29. 13 C NMR spectrum (100 MHz, DMSO-d6, 25 °C) of 26a
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7.5

General Procedure for the Screening of Amide Coupling Reagents.

To a mixture of crystalline 16 (5 mg, 1.8×10-5 mol) in organic solvent (~5 mL) was added
TEA (3.08 µL, 2.2×10-5 mol). The reaction was stirred at ambient temperature for 15 min.
16 readily reacted to form the soluble free amine (2), which dissolved. To the solution
1.2 equiv of coupling reagent (and 1.5 equiv coupling catalyst, when applicable) was
added. This organic solution was added to a ~5 mL aqueous solution of propionic acid
(5.63 µL, 2.2×10-5 mol). The reaction was stirred vigorously (to produce an emulsion) at
ambient temperature for 5 days. The organic phase was then extracted via pipette,
concentrated in vacuo, and purified through preparative plate chromatography (silicaDCM/5% MeOH).

7.5.1

Dialkyldiimide-mediated couplings

Prepared from 16 (5 mg, 1.8×10-5 mol), TEA (3.08 µL, 2.2×10-5 mol), DCC (4.54 mg) or
EDC (4.22 mg) (2.2×10-5 mol), HOBt (3.65 mg) or HOAt (3.67 mg) (2.7×10-5 mol), and
propionic acid (5.63 µL, 2.2×10-5 mol) in DCM/H2O (distilled) and toluene/H2O (distilled)
bi-phasic solutions using the general method.

7.5.2

Isoxazolium salt-mediated couplings

Prepared from 16 (5 mg, 1.8×10-5 mol), TEA (3.08 µL, 2.2×10-5 mol), NEPIS (5.57 mg,
2.2×10-5 mol), and propionic acid (5.63 µL, 2.2×10-5 mol) in DCM/H2O (distilled),
toluene/H2O (distilled), DCM/H2O (saline), and EtOAc/H2O (distilled) bi-phasic solutions
using the general method.
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7.5.3

SNAr amide bond strategies

Prepared from 16 (5 mg, 1.8×10-5 mol), TEA (3.08 µL, 2.2×10-5 mol), DMTMM (6.09 mg,
2.2×10-5 mol) and propionic acid (5.63 µL, 2.2×10-5 mol) in DCM/H2O (distilled),
toluene/H2O (distilled), and DCM/H2O (saline) bi-phasic solutions or Mukaiyama’s
reagent (12, 5.60 mg, 2.2×10-5 mol) and propionic acid (5.63 µL, 2.2×10-5 mol) in
DCM/H2O(distilled) and toluene/H2O (distilled) bi-phasic solutions, using the general
method.
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